INCREASED understanding of the effects of acoustic treatment on the propagation of sound through commercial aircraft engine nacelles is a requirement for more efficient liner design. To this end, one of NASA's goals is to further the development of duct propagation and impedance eduction codes. A number of these codes have been developed over the last three decades. These codes are typically divided into two categories: (1) codes that use the measured complex acoustic pressure field to educe the acoustic impedance of treatment that is positioned along the wall of the duct, and (2) codes that use the acoustic impedance of the treatment as input and compute the sound field throughout the duct. Clearly, the value of these codes is dependent upon the quality of the data used for their validation. Over the past two decades, data acquired in the NASA Langley Research Center Grazing Incidence Tube have been used by a number of researchers for comparison with their propagation codes. Many of these comparisons have been based upon Grazing Incidence Tube tests that were conducted to study specific liner technology components, and were incomplete for general propagation code validation. Thus, the objective of the current investigation is to provide a quality data set that can be used as a benchmark for evaluation of duct propagation and impedance eduction codes. In order to achieve this objective, two parallel efforts have been undertaken. The first of these is the development of an enhanced impedance eduction code that uses data acquired in the Grazing Incidence Tube. This enhancement is intended to place the benchmark data on as firm a foundation as possible. The second key effort is the acquisition of a comprehensive set of data selected to allow propagation code evaluations over a range of test conditions. 
I. Introduction
I NCREASED understanding of acoustic liner effects on sound propagation through aircraft engine nacelles is required for more efficient liner design. Numerous aeroacoustic duct propagation codes have been developed over the last three decades, [1] [2] [3] [4] [5] [6] [7] [8] [9] by the current authors as well as many others. These codes use measured acoustic pressures to educe the liner impedance or, conversely, use the liner impedance to compute the sound field throughout the duct. The value of these codes is critically dependent upon rigorous validation. Over the last two decades, a number of code validations have been based upon NASA Grazing Incidence Tube (GIT) data. [2] [3] [4] [5] [6] [7] [8] However, the data used for many of these validations were not intended for this purpose, and were therefore incomplete. The objective of the current investigation is to provide a complete data set that can conveniently be used as a benchmark for evaluating duct propagation and impedance eduction codes. Two efforts have been undertaken to achieve this objective. The first is the validation of an enhanced impedance eduction code. The second is to provide a comprehensive set of Grazing Incidence Tube data acquired over a range of test conditions, together with the resultant impedances (educed with this enhanced code), in a manner suitable for validations of other propagation codes.
For the past six years, a number of studies have demonstrated the use of a 2-D finite element method (2D-FEM) 2-5 for impedance eduction with complex acoustic pressure data acquired in the GIT. This method iterates on the numerical solution to either the 2-D convected wave equation 2, 4, 5 or the linearized equations of mass and momentum 3 to determine the impedance that reproduces the measured complex acoustic pressure field at selected measurement locations throughout the duct. It uses the duct geometry, mean flow, measured exit impedance (for an assumed plane wave) and a plane wave source as data inputs. However, there is a need to extend the methodology to remove the zero-order mode limitation, and thus to extend the frequency range that can be evaluated in the GIT (the first higher-order mode cuts on at approximately 3.3 kHz for the case of no flow in the GIT). The eventual goal is to implement a code that extends the frequency range up to 10.0 kHz (by including higher-order modes) and accommodates non-parallel shear flow profiles. This will require a fully 3-D methodology, and efforts are underway at NASA to develop such a code. In the interim, a quasi-3D finite element methodology (Q3D-FEM) is presented that greatly reduces the computational time and memory requirements by reducing the 3-D problem to a series of 2-D calculations. The Q3D-FEM is valid in constant area ducts for which the acoustic field is separable in one cross-sectional direction.
A ceramic tubular liner is used for this study that is nearly linear with respect to mean flow velocity and sound pressure level (SPL), and provides an impedance spectrum that varies over a range typically observed in aircraft engine nacelle liners. Acoustic pressure data measured in the GIT are used to educe the liner impedance with both methodologies (2D-FEM and Q3D-FEM). Previous studies have shown the 2D-FEM to provide quality results. Thus, excellent agreement between results achieved using the two methodologies demonstrates the suitability of the quasi-3D methodology for test conditions where the 2-D method is appropriate (a plane wave source is used), and increases confidence that the quasi-3D approach will be suitable in the presence of higher-order modes. Each methodology is then used to provide educed impedances for a range of mean flow velocities (Mach 0.0 to Mach 0.5), source frequencies (0.5 to 3.0 kHz), and source sound pressure levels (SPLs of 120 to 140 dB). For completeness, the measured acoustic pressures (SPL and phase) on the wall of the duct opposite the liner, the exit plane impedance spectrum, and representative mean flow profiles in the GIT are also provided.
II. Analysis
F IGURE 1 is a schematic of the three-dimensional flow duct and Cartesian coordinate system used in this study. The source and exit planes of the duct are located at x 0 and x L, respectively, and the two side-walls and lower wall of the duct are rigid. The test liner constitutes the portion of the upper wall between L 1 x L 2 , and the wall is rigid outside of this region. The sound absorbing material is assumed to present a uniform and local-reacting normalized impedance, ζ, to the aeroacoustic field in the duct. It is further assumed that the acoustic pressure field on the wall opposite the test liner is known from acoustic measurements at a set of discrete locations. Finally, there is a assumed to be a uniform mean flow from left to right with subsonic Mach number, M 0 . Although this figure depicts a model of the aft-fan duct (i.e., sound and mean flow are in the same direction), inlet duct modeling (i.e., flow and sound in opposite directions) is achieved by reversing the sign on the Mach number. The problem at hand is to determine the unknown impedance, ζ, of the test liner in the presence of the uniform mean flow. 
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A. Differential Equation and Boundary Conditions
A COUSTIC pressure disturbances in the duct are governed by the convected Helmholtz equatioń
where a time dependence of the form e iωt has been assumed. To obtain a unique solution to the above equation, boundary conditions must be prescribed. These include a wall boundary condition at the duct walls, a source boundary condition at the source plane, and an exit boundary condition at the exit plane of the duct. The local-reacting wall impedance boundary condition for the liner, as presented by Myers, 10 gives
The above wall impedance boundary condition is also valid along the rigid portion of the duct provided that the local-reacting impedance is set to infinity (ζ ∞). At the source plane, the acoustic pressure is assumed known
while at the duct termination, a variety of boundary conditions that render the boundary value problem on the acoustic pressure field well-posed can be implemented. When only the plane wave mode is cut on at the exit plane, it is convenient to specify an exit impedance condition such that the boundary condition will be of the form
The exit impedance boundary condition (equation 4) with constant coefficients is easily implemented into the impedance eduction procedure. Further, the exit impedance (i.e., ζ e ) is easily measured using the two-microphone method 11 based on data acquired in the GIT side-wall with a rotating plug.
B. Quasi 3-D Theory
A S mentioned earlier, the eventual goal is to implement a 3-D propagation code that accounts for higher-order modes (and thus extends the frequency range up to 10.0 kHz) and non-parallel shear flow profiles in the GIT. In the interim, a quasi-3D impedance eduction model is provided that adequately represents many of the essential features that will occur in a fully 3-D computation. This model greatly reduces the computational time and memory required to obtain the numerical solution by reducing the 3-D problem to a series of 2-D calculations. The quasi-3D model is applicable when the solution in the spanwise direction is separable (e.g., when one or both side-walls of the duct are lined with uniform acoustic treatment and the mean flow is independent of the spanwise direction). When the side-walls of the duct are rigid, as in the duct depicted in fig. 1 , the acoustic pressure field and sound source may be expanded into the following Fourier series of hard wall duct modes
where the function P m satisfies the partial differential equatioń
the sound source boundary condition
the wall impedance boundary condition
and the exit plane condition
Equations (7)- (10) constitute a well-posed boundary-value problem that can be solved to uniquely determine the lower wall acoustic pressure, P m´x 0µ, for a given test liner impedance. Conversely, if the lower wall acoustic pressure distribution is known, this boundary-value problem can be iteratively solved to determine the liner impedance that reproduces the known lower wall acoustic pressure distribution. This procedure is often referred to in the literature as impedance eduction, and the resultant impedance is an estimate of the test liner impedance. Closed form solutions for test liner impedances that reproduce a known lower wall acoustic pressure distribution are available only for infinitely long ducts with uniform wall linings. Thus, a numerical procedure is needed to educe the test liner impedance.
C. Impedance Eduction Technique
T HE impedance eduction technique chosen to solve equations (7) (10) closely parallels that used in an earlier paper for the zero-order spanwise mode (i.e., m 0). It is assumed that there are N and M evenly spaced nodes in the axial (x) and vertical (y) directions of the duct, respectively. A finite element method, with cubic polynomial basis functions and rectangular elements, is applied to obtain the lower wall acoustic pressure solution for a given liner impedance. A weak formulation is employed to incorporate the wall and exit impedance boundary conditions. The finite element method results in a discrete system of equations of the form
An asymmetric, parallel, direct sparse solver is used to obtain Φ . This solver employs a compressed-column storage scheme to reduce storage overhead. Only the nonzero coefficients within the bandwidth of K´ζµ are stored, along with two pointer arrays that store the column numbers and starting indices of these nonzero coefficients. To achieve efficient solutions, the sparse solver uses two accelerators: equation reordering to reduce fill during the factorization of K´ζµ and parallelization. (The equation solver runs on multiple processors simultaneously.) Stewart's adaptation of the Davidon-Fletcher-Powell optimization algorithm is used to iteratively determine the unknown impedance, ζ, by minimizing the objective function
where "*" denotes the complex conjugate of a quantity. Agilent analog-to-digital devices are used to simultaneously acquire the data for 48 channels, and a Cytec switch matrix is used to switch from one set of 48 microphones (reference microphone plus microphones 2 through 48) to another set of 48 microphones (reference microphone plus microphones 49 through 95). The reference microphone (one of the 95 flush-mounted microphones, located in the source plane) provides the common basis for both sets of measurements, such that measurements at all 95 locations can be properly compared. For the current investigation only the 31 microphones located on the wall opposite the liner are used in the impedance eduction process. For each data acquisition, 2000 averages on each microphone channel (blocks of 2048 data points per average) were used in the current investigation. To reduce the influence of flow noise, a cross-spectrum signal extraction method 12 was used to determine the amplitudes and phases at each of the microphone locations (relative to the amplitude and phase at the reference microphone location).
III. Experimental Procedure
B. Ceramic Tubular Liner (CT57)
A ceramic tubular liner depicted in fig. 3 was used for this study. This liner has been shown to be nearly linear with respect to mean flow velocity and SPL, and provides an impedance spectrum that varies over a range typically observed in aircraft engine nacelle liners. It consists of parallel, cylindrical channels embedded in a ceramic matrix. These channels, with diameters of 0.6 mm, run perpendicular to the exposed surface and provide a surface porosity of 57%. The 85.6 mm-deep channels are rigidly terminated such that each is isolated from its neighbor to ensure a locally reacting structure. The channel diameter is small enough that the grazing flow effects are insignificant relative to internal viscous losses.
Ceramic tubular core
Rigid backplate 0.6 mm 
C. Test Description
D
ETAILED mean flow profiles were acquired at three axial locations (x 203 mm, x 356 mm and x 559 mm) for this investigation. At each axial location, nine probes (eight pitot probes and one pitot-static probe) were vertically traversed across the test section to acquire a detailed survey (9 by 27 measurement array) across the cross-sectional plane (see fig. 4 ). Numerical integration was used to compute an average Mach number for the selected axial plane. Finally, the average Mach numbers for each of the three axial planes were averaged together to attain a "smeared" average Mach number for use in the 2D-FEM and Q3D-FEM impedance eduction codes. For the current investigation, this process was completed for set-point centerline Mach numbers of 0.1, 0.2, 0.3, 0.4 and 0.5 (determined using a pito-static tube located at approximately x 860 mm). However, the flow profiles measured for the set-point centerline Mach number of 0.5 were later discovered to cause leakage in the GIT, as evidenced by a loss of mass flow between the midstream (x 356 mm) and downstream (x 559 mm) measurement planes. Additional tests proved that the leakage is avoided if the set-point centerline Mach number is no greater than 0.475. Based on the profiles measured at set-point centerline Mach numbers up to 0.4, together with the upstream and midstream profiles for the set-point centerline Mach number of 0.5, the average Mach number for the set-point centerline Mach number of 0.475 was determined to be 0.4.
The methodology for acquiring acoustic data with the GIT has been thoroughly described in a previous report. 13 For the current investigation, acoustic tests were conducted for each the following settings:
1. Sound pressure levels (SPL) at the source plane (x 0 0 mm, see fig. 1 ) of 120, 130 and 140 dB 2. Source frequencies (discrete tone source, one tone at a time) of 500 to 3000 Hz, in steps of 100 Hz A function generator was used to supply a sinusoidal signal at the desired test frequency to four 120-watt acoustic drivers (see fig. 5 ). The acoustic waves emitted from the acoustic drivers propagate from left to right across the surface of the test panel, and into a termination section designed to minimize reflections over the frequency range of interest. At each test frequency, the desired sound pressure level was set at the source plane (as measured by the reference microphone). The data acquisition system described earlier was then used to record the microphone signals, and the data were stored for post-processing. For each test condition, the data to be provided will include: 
IV. Results and Discussion
A database consisting of six Mach numbers, twenty-six test frequencies, and three source sound pressure levels was acquired for this study. The scope of this paper allows only representative cases to be presented. However, the complete database is available in electronic format upon request. Flow profiles were measured at three axial locations using the 9-probe system shown in fig. 4 . A contour plot of one of these profiles is provided in fig. 6 . This plot shows M´y zµ for the case of M 0 0 335, as measured at x 356 mm (middle of the lined portion of the duct). The flow is observed to be reasonably symmetric across the duct at this location. Table 1 contains the numerical values of M´y zµ for this test condition. As stated in the "Test Description" section earlier, an average Mach number across the duct cross-section was achieved using a numerical integration process (0.335 for this case). This process was repeated at each of the three axial locations (to get three average Mach numbers), and the results were averaged to get the average Mach number (M 0 ) used in the impedance eduction computations.
Acoustic measurements acquired with a two-microphone rotating plug in the side-wall of the GIT were used to determine the normal incidence impedance of the termination section (ζ e ). This impedance was computed using the average Mach number as an input. Table 2 provides the exit impedances for each of the Mach numbers included in this investigation at frequencies of 500 to 3000 Hz, in steps of 500 Hz. The corresponding exit impedances for the remaining test frequencies (tests were conducted at 100 Hz increments from 500 to 3000 Hz) can be provided upon request. These exit impedances were assumed to hold constant for each source sound pressure level tested (120, 130 and 140 dB). This is believed to be a reasonable assumption, given that the GIT termination is very nearly anechoic. Tables 3 through 8 provide the complex acoustic pressures (SPL and phase) measured with the 31 microphones located on the wall opposite the CT57 liner for each of the Mach numbers of interest. Again, to limit the paper length, only the results for a source SPL of 130 dB, at 500 Hz increments, are provided herein. These measured acoustic pressure distributions were used in the two impedance eduction codes (2D-FEM and Q3D-FEM) to determine the acoustic impedance of the CT57 liner. Figure 7 provides a comparison of the impedances (all 26 frequencies) educed with the two codes from the acoustic pressure data at M 0 's of 0.000, 0.255 and 0.400. In this figure, Q3D-FEM results are depicted with solid lines and 2D-FEM results are depicted with dashed lines. Blue, red and green lines are used for M 0 's of 0.000, 0.255 and 0.400, respectively. A subset of these impedances is also provided in table 9. Since both impedance eduction codes are based on the 2-D convected Helmholtz equation, their respective results should be identical. However, because of the use of different programming approaches (e.g., 2D-FEM uses a band solver, Q3D-FEM uses a sparse solver), their results are not identical. This difference is most noticeable near the anti-resonance (ranges from approximately 2100 Hz at M 0 0 000 to 1900 Hz at M 0 0 400). Given the sensitivity of the data near anti-resonance, this is not unexpected. In general, the results are very nearly identical. This excellent agreement between the two methodologies demonstrates the suitability of the quasi-3D methodology for test conditions where the 2-D method is appropriate (where a plane wave source is used), and increases confidence that the quasi-3D approach will be suitable in the presence of higher-order modes.
As stated above, the two impedance eduction codes are nearly identical for almost all frequencies away from antiresonance. It should be noted, however, that there is also significant disparity (at least on a percentage basis) at 500 Hz, even at lower Mach numbers. Although not shown in the tabulated data (table 9), much better agreement is observed for frequencies at or above 600 Hz. It should also be noted that the SPL pattern, SPL(x), generally contains a more linear decay for frequencies away from 500 Hz. Together, these observations lend credence to the plausibility that the previously reported difficulties 5 at 500 Hz are due to a longitudinal resonance. Additional computations were performed with slight variations to the exit impedance, ζ e . As might be expected for a longitudinal resonance, the educed impedances were found to be extremely sensitive to the value of ζ e that was used as input to the impedance eduction code. Variations in the exit impedance by as little as 0.02ρc caused the educed impedance to vary by as much as 0.5ρc, depending upon the Mach number tested. As a result, additional tests with a finer frequency resolution near 500 Hz are planned, together with more detailed exit impedance and Mach number sensitivity studies, to more fully understand the 500 Hz results. Tests with shorter liners will also be conducted to determine if this "resonance" condition transitions to a correspondingly higher frequency.
Finally, it should be noted that the authors are currently studying the effects of various approaches used to describe the hardwall-to-softwall interface condition. Results from this investigation will be the subject of a future paper. 3. Test frequencies of 500 to 3000 Hz, in steps of 100 Hz A portion of this data is provided in the current paper, and the remainder is available from the authors upon request.
V. Concluding Remarks
These data were used as input to two impedance eduction codes based upon the 2-D convected Helmholtz equation. The first code (2D-FEM) is based on the 2-D assumption, whereas the second (Q3D-FEM) is a quasi-3D approach that is capable of handling higher-order modes in the vertical dimension (from hard wall to soft wall in the Grazing Incidence Tube). However, for the current investigation, only the plane wave mode was considered in the quasi-3D approach. Thus, these two methods should provide the same educed impedances. Comparisons of the results from the two methods show excellent agreement, except near the anti-resonance and at 500 Hz. Additional analysis of the 500 Hz data indicates a longitudinal resonance is the cause for variability in the educed impedance results. Multiple tests, experimental and analytical, are planned to more fully understand this frequency regime.
Given the fact that the 2D-FEM has been previously demonstrated to provide quality results, the excellent comparison of the Q3D-FEM and 2D-FEM results indicates the Q3D-FEM can be used with confidence for cases where the spanwise mode order is limited to m 0. This enhanced code has been used with a thorough set of data measured in the GIT to provide a database that is believed to be of sufficient quality for use by others to evaluate propagation codes and impedance eduction methodologies. It is expected that these propagation codes (and correspondingly, impedance eduction methods) should increase in accuracy as the complete 3-D aeroacoustic field is included, and it is the intent of the authors to strive for this goal. 
